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1. Title of the Invention 

Semiconductor Device 

2 . Scope of the Claim 

1. A semiconductor device, characterized by the provision 
of at least two non-single-crystalline semiconductors o a 
substrate, having different energy bands that are continued or 
substantially continued in a boundary or a boundary region by 
changing the stoichiometric ratio of said semiconductor lay- 
ers . 

2. The semiconductor device according to claim 1, charac- 
terized in that the semiconductors have at least one of PN 
junction, PI junction, NI junction, PP junction, NN junction. 
II junction, and Schottky junction therein. 

3. The semiconductor device according to claim 1, wherein 
the energy band of the semiconductor layers which develops 
photoelectromotive force is gradually reduced or substantially 
gradually reduced from a surface of the semiconductor layers 
onto which a light is irradiated toward a depthwise direction 
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thereof . 

3. Detailed Description of the Invention 

The present invention relates to a semiconductor device, 
characterized by the provision of two non-single-crystalline 
semiconductors having different energy bands (for simplicity, 
energy band is hereinafter referred to as Eg, which is also 
used hereinafter to mean energy band width or energy gap) , the 
conductive band (hereinafter referred to as CB) or valence 
band (hereinafter referred to as VB) of which being continuous 
or substantially continuous in a boundary or boundary region 
of the semiconductors by changing the stoichiometric ratio of 
two semiconductors . 

The present invention relates to a semiconductor device in 
which non-single-crystalline semiconductors of the same con- 
ductivity type or of different conductivity types are 
functioned so as to emit a light or, to the contrary, so as to 
develop a photoelectromotive force when the light is irradiat- 
ed onto the junction. 

The present invention relates to a semiconductor device 
which is produced by providing the non-single-crystalline 
semiconductors on a flexible film-type substrate and which, 
thus, can be continuously mass-produced at a low cost. 

The present invention relates to a semiconductor device, 
in a boundary or boundary region of which two semiconductors 
having different energy bands have a junction of different 
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conductivity type such as PN junction, PI junction, MI junc- 
tion, ancTschottky junction, and a junction of the same con- 
ductivity type such as NN junction, PP junction, and II junc- 
tion, or multiple junction thereof. 

Further, the present invention relates to a semiconductor 
device with photoelectric effect which develops 
photoelectromotive force when light is irradiated onto the 
junction portion and which forms a photo cell, in particular, 
a solar cell, or, which emits visible light of a specific 
wavelength or white light when electric current flows in the 

junction portion. 

The present invention relates to a semiconductor device 
comprising two semiconductors which device does not have 
specific interface states caused by boundary or junction 
therein or in which the interface states are practically 
electrically negligible and substantially does not exist at or 
near the boundary of the two semiconductors, or at or near PN 
junction, PI junction NI junction, Schottky junction, or 
multiple junction thereof. Still further, the present inven- 
tion relates to a semiconductor device to which, in order to 
attain the above, hydrogen such as hydrogen and deuterium or 
halogenide such as chlorine and bromine is added at the con- 
centration of 0.1 to 200% so as to neutralize or balance the 
interface states or the recombination center of charge. 

According to the present invention, the two non-single- 
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crystalline semiconductors are a semiconductor such as silicon 
and germanium, a group IV-IV compound semiconductor such as 
silicon carbide, germanium carbide, and germanium silicide, or 
a group III-V compound semiconductor such as GaAs, GaAlAs, 
GaP, and BP. 

Further, according to the present invention, at least two 
of the above semiconductors having different Eg are stoichio- 
metrically mixed to make CB or VB be continuous in view of 
energy. In addition, the present' invention relates to a 
semiconductor device in which carbon, hydrogen, or nitrogen of 
an amount stoichiometrically determined to some extent as a 
dopant is added at the boundary or boundary region. 

Conventionally, when single-crystalline semiconductors 
having different energy band are junctioned. what is called 
hetero-junction is formed at the boundary. For example, when 
GaP and GaAs are junctioned, since both of them are single- 
crystalline, unconformable stepwise hetero-junction shown in 
Fig. 1 is formed on the surface of the two energy gaps (here- 
inafter referred to as Egs) . Due to the unconformity, when, 
for example, Gao.3Alo.7As (1) and GaAs (2) are junctioned, not 
only a notch (3) and a jump (4, but also interface states (5) 
are generated. Due to the interface states (hereinafter 
referred to as Ns) , at the junction portion, carrier as an 
electron or a hole is recombined through Ns and is lost. 

As a result, a conventional semiconductor device has 
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serious problems that the lifetime of carriers is shortened 
and that/" when a semiconductor device employing the junction 
is used to attain a specific action such as development of 
photoelectromotive force, charge excited by light is lost 
before it develops photoelectromotive force. In addition, 
when the semiconductor device is used to emit light making use 
of electric current flow, since an electron and a hole recom- 
bine via the interface states, which is referred to as indi- 
rect transition, there is a serious problem that visible light 
is not emitted and only heat is generated. Further, when 
characteristics of PN junction diode are required, since the 
withstand pressure of reverse direction characteristics is 
small, the semiconductor device is merely a 
soft-break-down-type diode. Fig. 1(A) shows a case of NP 
junction. Fig. KB) shows a case of NN junction. In the case 
of Fig. KB), there is a serious problem that, in addition to 
Ns (7), a spike (6) is generated which is a barrier to move- 
ment of electrons. According to the present invention, such a 
notch, a jump, and a spike are prevented. The object of the 
present invention is to vary, in view of energy, continuously 
one or both of CB and VB of the energy band at this junction 
portion. Further, the present invention is characterized in 
that Ns caused by dangling bonds and crystal defects which 
inevitably exist due to lattice defects on the surface of 
conventional hetero- junction is removed or extremely reduced. 



5 



Since a semiconductor device according to the present inven- 
tion is structured to have continuous junction in view of 
energy band, such a semiconductor device can extremely rapidly 
develop into a new semiconductor device utilizing the differ- 
ence of the energy bands. 

The present invention is now described in the following 

w ith reference to embodiments . 

The base of the present invention is to disperse stoichio- 
metrically evenly each component of an amorphous (genuine 
amorphous or polycrystalline in the short range order of 5 to 
100 A) semiconductor having one conductivity type and a 
polycrystalline semiconductor in which crystals are above 100 
A having one conductivity type (these two kinds of semicon- 
ductors are hereinafter generically referred to as non-single- 
crystalline semiconductors) made of, for example, silicon, 
germanium, or silicon carbide, or each component of one of the 
above semiconductors and a compound semiconductor such as 
GaAlAs . Here, even dispersion means that stoichiometric waves 
of the components are in the direction of locally interacting 
with each other. It is necessary for the non-single-crystal- 
line semiconductors to have two waves that are even, and have 
the enough regularity or the characteristics of a crystal to 
determine Eg. An embodiment of the present invention is now 
described in the following. 

In the present embodiment, the used substrate is either 
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what is called a hard substrate made of, for example, metal, 
semiconductor, insulator, or a composite of insulator such as 
glass and ceramic and, for example, a metal film with which 
the insulator is partially or totally coated, or, a flexible 
film-type substrate the thickness of which is 0.2 to 200 u , in 
particular 1 to 10 u made of, for example, FEP plastics, 
Kapton, Mylar, polyimide, celluloid, vinyl chloride, or 
polyurethane or composite substrate of the above flexible 
film-type substrate and a metal film with which the substrate 
is coated (what is called a soft substrate). (In the present 
embodiment, the above substrates are generically referred to 
as a substrate.) The flexible film-type substrate (soft 
substrate) has characteristics that it can be in the shape of 
a roll in mass-production and the cost of the material of the 
substrate is very low. In addition, in case of a single- 
crystalline semiconductor layer, when it is made in the shape 
of a roll or when they are conveyed, its reliability may be 
spoiled by, for example, cracking, while in case of a semicon- 
ductor layer according to the present invention, since it is 
non-single-crystalline such as amorphous, they are flexible 
and thus ideal. In the embodiment of the present invention, 
for example, silicon is formed on the substrate in a layer 
structure, that is, as a coat, using silicide gas such as 
silane and dichlorosilane. In order to attain this, on the 
inlet side of a reactor made of heat-resisting glass such as 
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quartz or stainless steel, silicide gas such as silane and 
dichlorosi-lane, carrier gas such as hydrogen and hydrogen 
chloride, and a dopant which determines the conductivity of N 
type semiconductor such as phosphorus and arsenic using phos- 
phine or arsine or- a dopant which determines the conductivity 
of P type semiconductor such as aluminum, gallium, and boron 
using aluminum chloride, gallium chloride, or diborane are 
introduced. In addition, carbide, nitride, and oxide gases 
such as methane, ammonia, and oxygen can be fed. The gases in 
the reactor are exhausted by a vacuum pump, which can evacuate 
the reactor up to 0.001 torr. A substrate supported by a 
susceptor was inserted into the reactor. Next, the reactor 
was evacuated to 0.1 to 10 torr. Then, the substrate was 
heated by high-frequency heating of 1 to 50 MHz or by such 
high-frequency heating in conjunction with radiation heating 
to excite or decompose the reactive gases. The high-frequency 
energy was given so as to promote voltage excitation to chemi- 
cally sufficiently excite bonds of the dopants or of the 
semiconductor material. The reactive gases formed a coat on 
the substrate. Here, depending on the temperature of the 
substrate, the coat was amorphous when the temperature was the 
room temperature to 500'C and was polycrystalline when the 
temperature was 350»C to 900»C. When the substrate is 
noncrystalline and the coat on the substrate grows as an 
epitaxial layer with the temperature being above 900«C. the 
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coat is single-crystalline. Experiments proved that it was 
impossible to make such a single-crystalline semiconductor to 
have the structure of the present invention. The primary 
feature of the present invention is to use a non-single- 
crystalline coat. If a dopant such as phosphorus and arsenic 
which shows N type conductivity in a semiconductor is doped in 
the non-single-crystalline coat using phosphine (PH 3 ) or 
arsine (AsH 3 ) at the concentration of 10" to 5 x 1022 cm -3, an N 

type semiconductor is obtained. 

On the other hand, if aluminum chloride (A1C1 3 ) . gallium 
chloride (GaCl 3 ), or diborane (B 2 H 6 ) at the above concentration 
is doped, a P type semiconductor is obtained. The dopants of 
the above two conductivity types were doped at the same time 
and introduction of the silicide gas was decreased or stopped 
as necessity requires to form a compound semiconductor, and a 
boundary region of the present invention where Eg was continu- 
ous was provided between the two semiconductors. Further, in 
case these dopants were not at all doped, the semiconductors 
became intrinsic or substantially intrinsic by being contami- 
nated with impurity at the background level of the device. 
Hydrogen, deuterium or halogenide such as chlorine is added to 
the non-single-crystalline coat at the concentration of 0.2 to 
200% in addition to the material forming the semiconductors, 
i. e., silicon. 

They bond to dangling bonds which tend to remain after the 



semiconductor layer is formed to suppress the generation of 
recombination center and have an action of electrical neutral^ 
ization ( inact ivation) . This addition of hydrogen or 
halogenide at the same time when the semiconductor layer was 
formed or after the coat was formed was a quite important 
element to put the present invention to industrially practical 
use. 

With respect to the latter, dangling bonds were excited by 
high-frequency energy or microwave energy after the coat was 
formed, and then, hydrogen and so on which was made chemically 
active was added in the coat. Practically, the device of the 
present invention including a substrate and a semiconductor 
layer provided thereon was inserted to atmosphere such as 
hydrogen, the above-mentioned electrical energy was given to 
activate (excite) the atmosphere such as hydrogen, and the 
temperature was raised up to 500°C. 

According to the present embodiment, the dopants which 
determine the conductivity type of either P type or N type and 
impurity such as hydrogen and halogenide were added by acti- 
vating the hydrogen or halogenide at the same time as the 
reactive gas was electrically activated. 

Of course, it is needless to say that, as disclosed in 
Japanese Patent Application No. SHO 53-86867 and 53-86868 
(both invented by the inventor of the present invention), the 
semiconductor layer may be annealed with active hydrogen after 
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the semiconductor layer is formed. Further, in the present 
embodiment of the invention, carbon, nitrogen, and oxygen were 
evenly dispersed and added to the semiconductor. CH 4 and C 2 H 6 

were used to add carbon. Ammonia (NH 3 ) and hydrazine (N2H4) 

were used to add nitrogen. H 2 0 or 0 2 were used to add oxygen. 

With regard to addition of mixture of the above, N 2 0, N0 2 , 

alcohols such as CH3OH, C0 2 , and CO may be inserted into the 

reactor using a carrier gas of oxygen or chlorine to add two 
or more of the above, for example, nitrogen and oxygen, or 
carbon and oxygen. Conventionally, when oxygen, nitrogen, and 
so on was added after a single-crystalline semiconductor coat 
was formed, the results were that silicon oxide (Eg=8eV) or 
silicon nitride (Eg=5.5eV) were obtained, which were merely 
insulators. However, when these were added either electrical- 
ly or, using electrical energy of high-frequency or microwave 
in conjunction with heat, at the same time when the silicon 
coat was formed, the energy band of the semiconductor could be 
of an intermediate value between 1.1 eV and 3 eV (in case of 
SiC) , 5.5 eV (Si 2 N 4 ) , or 8 eV (Si0 2 ) according to the stoi- 
chiometric ratio of those which were added. The value of Eg 
of the coat was measured by photoluminescence or light excita- 
tion. 

With the compound semiconductor, by varying the stoichio- 
metric mixture ratio of Ga, Al, P, and As, the value of Eg 
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could be arbitrarily decided between 1.3 eV and 3.5 eV (for 
example, GaAs 1.4 eV, GaAsP 1.9 eV, GaPI n 2.3 eV, and AlPI n 

2.3 eV) . Since both of such a compound semiconductor and 
another such compound semiconductor or both of such compound 
semiconductor and a semiconductor made of a single element 
such as silicon were non-single-crystalline semiconductors, 
there was no specific Ns existing only on the interface which 
was in, for example, hetero- junction. Further, the conductive 
band (CB) and valence band (VB) of the energy band of the 
semiconductor device using the semiconductors could be formed 
continuously stepwise (substantially continuously) or smoothly 
continuously (continuously) . 

By adjusting the coat forming speed to be 0.01 to 10 
^/minute and by adjusting the amount of doping the dopants by 
ON/OFF switch or step by step, Eg at this junction portion 
could be varied such that the boundary was a surface or the 
boundary region was a wide transition region. The important 
thing was that at the boundary or the boundary region between 
different Egs, though it partially depends on the method of 
production, Ns which exists in a in hetero- junction of a 
single crystalline semiconductor by lattice defects, was not 
observed, and that notches and spikes did not exist, or did 
not exist substantially in the conductive band or valence band 
which were the edges Eg. The reason is supposed to be that Eg 
was decided according to the stoichiometric mixture ratio and 
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that neutralizer such as hydrogen and halogenide was suffi- 
ciently added. The neutralizer may be N, 0, C, S # and so on 
as long as their energy levels are not within Eg. The above 
embodiment uses vacuum CVD (chemical vapor deposition) or glow 
discharge. In case the energy band just near the surface of a 
semiconductor is varied, ion implantation may be used. For 
example, when oxygen, nitrogen, and carbon at the concentra- 
tion of 1015 to 1022 cm -3 # for example, 10i7 C m-3 were implanted in 
a semiconductor with the acceleration being 10 to 400 KeV, 
junction having continuous Eg according to Gaussian distribu- 
tion in the depth of 500 to 1500A could be obtained. 

In the present invention, it is not necessary that one of 
the two semiconductors having different Egs is a pure semicon- 
ductor and the other is a semiconductor with a dopant. The 
other semiconductor may be a group III-IV compound semiconduc- 
tor such as GaAlAsP. When Eg is varied by adding dopants, the 
semiconductors may use different amount of one dopant, for 
example, 10*5 to 10i8cm-3 f or one semiconductor and 0.01 to 30% 
for the other semiconductor. Further, it is needless to say 
that the semiconductors may use different dopants, for exam- 
ple, carbon of 10*5 to 1022 C m-3, for example 5 to 10% for one 
semiconductor and nitrogen or oxygen of 10i* to 1022 C m-3, for 
example 5 to 10% for the other semiconductor. As can be seen 
clearly with the above-mentioned theory, embodiment, and 
r suit, according to the present invention, at or near the 
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junction portion of semiconductors which is very important for 
the operation of the semiconductors, a notch, a spike and so 
on and Ns peculiar to the interface are removed which are 
conventionally produced by junctioning the two materials 
having different Eg and which are not desirable. In other 
words, factors essentially due to making a junction with two 
materials, the lattice constants of which are different from 
each other, are removed. Therefore, the gist of the present 
invention is that the semiconductors are non-single-crystal- 
line semiconductors in which lattice defects in microscopical 
meaning are eliminated. Since the semiconductors were such 
non-monocrystalline semiconductors and the recombination 
center was neutralized by hydrogen or halogenide, a semicon- 
ductor device in which the energy gap is varied continuously 
according to the stoichiometric mixture ratio, that is, a 
semiconductor device having continuous junction could be 
obtained . 

Fig. 2 shows embodiments having different Egs. In (A), 
the junction portion is the boundary, (11) is an N type 
semiconductor with W-Eg (wide energy gap) . (13) is a P type 
semiconductor with N-Eg (narrow energy gap) . In the boundary 
region, both CB (15) and VB (15*) transition smoothly. In 
(B) , (11) is a P type semiconductor with W-Eg and (14) is a P 
type semiconductor with N-Eg. Similarly, the conductivity 
type of (C) is P. (D) shows NP junction. (E) shows smooth NP 
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junction- (F) shows stepwise NP junction. 

CB (2*0) "is continuous while VB(20') is substantially 
continuous . 

Fig. 3 shows semiconductors each having two junctions. 

(A) shows an NPN transistor of W-L-W. In the P type region of 
L, recombination depending on Eg of charge can be promoted. 

(B) shows a PNP transistor of L-W-L. The thickness of W is 
100 A to 5 \l. (C) shows an NIP structure of L-W-L. (D) shows 
a PIN structure of W-W-L. The thickness of W x and W 2 are 10 A 

to 1 [l and 100 to 5 [i, respectively. Thus, it is expected that 
the device is used for a photo cell or a solar cell of highly 
efficient conversion efficiency (15 to 50%) . (E) shows an NPN 
transistor of W-W-L and (F) shows a PNP transistor of L-W-W. 

Fig. 4 shows structures particularly useful for a photo 
cell or a solar cell. (A) is NPNP type where Eg (21) > Eg 
(22) > Eg (23) > Eg (24) and is four-layer structure of W-N. 
PN junction is provided in two semiconductors having different 
Egs to efficiently attain photoelectric conversion according 
to the wavelength of incident light. Eg (21) is adjusted to 
wavelength of 0.2 A to 0.5 \i. Eg (24) is 1.1 eV of silicon. 
The thickness of semiconductors (22) and (23) is 0.01 A to 1 fi 
which is thin enough compared to the diffusion length of 
carrier. With the above structure, the photoelectric conver- 
sion efficiency could be improved to 25 to 30%. At the tem- 
perature of 100°C, the reduction rate was only about 20 to 
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30%. (B) has PI3I2N structure. Eg (25) is also adjusted to 
wavelength of 0.2 to 0.5 \i. Eg (28) is 1.1 eV of silicon.* 
Semiconductors (26) and (27) are intrinsic or substantially 
intrinsic to light. The same dopant is added to semiconduc- 
tors (26) and (27) and the amount of the dopant of the semi- 
conductor (26) is larger than that of the semiconductor (27) . 
(27) is GaAlAs or SiC. Si is doped to (26) and (25). The 
atomic concentration of Si doped to (26) was 5 to 50% and that 
doped to (25) was 5 to 30%. 

In the above description, the semiconductor device of the 
present invention comprises two semiconductors of different 
conductivity types having different energy bands. However, a 
semiconductor device also falls within the scope of the pres- 
ent invention which comprises two semiconductors of the same 
conductivity type, that is in a consistent impurity concentra- 
tion of P-type or N-type, wherein the Eg thereof varies, and 
the variation of the Eg is either continuous or by stages. 

Fig. 4(C) shows an embodiment as a light emitting element. 
In this case, two pockets (30) and (31) were provided with 
respect to an electron and a hole. Due to recombination of 
charge at the boundary, light of certain wavelength depending 
on Eg was emitted. Such a four-layer structure of P*P-N-N* or 
P-P*N*N-can be embodied by just introducing or not introducing 
reactive gas. Thus, such an element can be mass-produced 
easily, and a substantially which illuminates letters, num- 
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bers, or simbols can be also easily made by applying a selec- 
tive etch-toa surface light source. In addition, the embodir 
ment shown in Fig. 4(C) may be regarded as the combination of 
the embodiment shown in Fig. (E) and that shown in Fig. (F) . 
The photoelectric conversion efficiency of the light emitting 
element was in the order of 3 to 10%, which is two to five 
times better than that of a conventional light emitting diode 
using monocrystalline PN junction. The element is character- 
ized in that, by providing various values of Eg, it can emit 
not only light of specific wavelength but also continuous 
light or white light. 

What should be added as the dopant may be decided with 
reference to Figs. 2 to 4 according to the object of the 
application. However, this is only means to industrially 
popularize the present invention. 

Further, in the present embodiment, a reflection reducing 

film in a photosensitive device such as a solar cell is X/ 4 

depending on n (where n is refraction index of semiconductor) , 
but this may be used as insulator of low clas silicon nitride 
or low class silicon oxide (SiO or SiO x ) by increasing suffi- 
ciently the amount of the dopant. Still further, it is need- 
less to say that Schottky junction may be provided on the 
upper surface using conductive semiconductor (such as Sn0 2 ) . 

As can be seen from the above description, according to 
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the present invention, a semiconductor is shown with silicon 
as its main element. However, the present invention is not 
limited to silicon, and the gist of the present invention is 
that, even the other semiconductor is made of germanium or 
silicon carbide, or is a compound semiconductor such as GaAs 
or GaAlAs, Eg can be appropriately controlled according to the 
applied semiconductor device. Further, it is also the gist of 
the present invention that, in order to practice the appropri- 
ate control of Eg, a non-single-crystalline semiconductor to 
which oxygen or halogenide such as chlorine was added at the 
concentration of 0.1 to 200% for neutralizing Ns was used as 
the base material, and, as necessity requires, oxygen, nitro- 
gen, carbon, and so on stoichiometrically at the concentration 
of lOis to 10 22 cm-3 were added to said substrate, for example, 
0.1 to 80% for carbon, 0.01 to 10% for nitrogen, and 10*5 to 
10 2 °cirr 3 for carbon, so as to vary stepwise or continuously. 
Thus, even semiconductors having different Egs were functioned 
to each other, Ns due to lattice defects and so on could be 
suppressed on the interface. Still further, it is also the 
gist of the present invention that the conductivity of a 
semiconductor such as P type, N type, and I type and the value 
of the conductivity is determined by selecting the kind of 
dopants and by adjusting the amount of the dopants, and that 
the semiconductor device was produced using glow discharge or 
vacuum chemical vapor deposition (CVD) in conjunction with 
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usage of high-frequency energy with which the semiconductor 
device cotildbe continuously mass-produced. As a result, it 
was revealed that the thickness of one semiconductor could be 
freely controlled within the range of 0.01 n to 10 \i, that 
dopants of a P type or an N type semiconductor could be con- 
trolled within the range of 10 to 10 22 C m-3, and that multiple 
junction, i.e., a plurality of PN junction, PI junction, NI 
junction, PNP, or PIN provided in one semiconductor, could be 
easily made. In addition, the present invention is remarkably 
characterized in that it leads to industrially totally new 
field of application of a semiconductor device because, ac- 
cording to the present invention, for example, a semiconductor 
device can be continuously mass-produced in the same reactor. 

In particular, when roll system is applied to the produc- 
tion of a semiconductor device, by using print technology in 
mounting electrodes on the upper surface and on the lower 
surface of the roll, the production cost can be lowered to 
1/100 to 1/10000 of the conventional production cost. 
4, Brief Description of the Drawings 

Fig. 1 shows energy band of conventional hetero- junction. 
Figs. 2 to 4 show embodiments of the present invention. 
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